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Abstract: Nowadays, companies have to improve their practices in the management of green supply 
chain with increased awareness of environmental issues worldwide. Selecting the optimum green 
supplier is crucial for green supply chain management, which is a challenging multi-criteria decision 
making (MCDM) problem. Moreover, while evaluating the performance of alternative suppliers, 
decision makers tend to determine their assessments using linguistic descriptors due to experts 
vague knowledge and information deficiency. Therefore, this paper develops an integrated MCDM 
model based on the cloud model and QUALIFLEX (qualitative flexible multiple criteria method) 
approach to assess the green performance of companies under economic and environmental criteria. 
For the introduced model, the linguistic terms, expressed in normal clouds, are utilized to assess 
alternatives against each selection criterion. A linear programming model is established to compute 


y 


the weights of criteria with unknown or incompletely known weight information. An extended 
QUALIFLEX approach is proposed and used to select the most suitable green supplier. Finally, the 
proposed green supplier selection method is demonstrated by an empirical example of an auto 
manufacturer to confirm its rationality and effectiveness. 


Keywords: green supply chain management; supplier selection; cloud model; QUALIFLEX approach 


1. Introduction 


Currently, companies, particularly in the developing nations, have to enhance the effectiveness 
of their green supply chain management activities to survive in the global marketplace. On the one 
hand, governments are paying more attention to environmental issues and have issued a series 
of environmental regulations due to diminishing raw materials, increasing levels of pollution, and 
deterioration of the environment. Besides, a variety of pressures from consumers are making companies 
more cautious with regards to the detrimental influences of their businesses operations on the 
environment [1]. In this regard, numerous green supplier development programs, such as green 
purchasing, design for environment, and reverse logistics, have been invested by organizations to 
enhance their green performance with respect to the supply chain [2,3]. According to [4], green supply 
chain management is an approach to the philosophy of management taking environmental concern into 
account in the supply chain management, which consists of product design, raw material extraction, 
production processes, product transportation as well as disposing of the end-of-life product. Given the 
increasing awareness of environmental protection, it is more significant for companies to conduct 
green supply chain management practices to minimize or eliminate the negative environmental effects 
of their business operations. In recent years, green supply chain management has received increasing 
interest among both academics and practitioners [4—6]. 
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Within green supply chain management, organizations are required to assess the green performance 
of their suppliers and select the most appropriate one(s) in different stages of product life cycle [7]. 
Green supplier selection is a challenging multi-dimensional issue in the competitive environment [8,9], 
which can be resolved by multi-criteria decision making (MCDM) methods. The QUALIFLEX (qualitative 
flexible multiple criteria method) [10] is an efficient outranking MCDM method that assesses all 
possible rankings of considered alternatives and finds the optimum one by using the maximum 
concordance/discordance index. The salient features of the QUALIFLEX method, compared to other 
MCDM methods, are that: (1) It can simultaneously deal with cardinal and ordinal information in the 
decision process; (2) It can perfectly address the complex decision making problems with numerous 
criteria and limited alternatives; (3) It does not require complicated computations in the multiple criteria 
decision analysis. Moreover, the use of the QUALIFLEX for green supplier selection is practical and has 
demonstrated satisfactory results [11-13]. Therefore, it is natural to utilize the QUALIFLEX approach to 
manage the green supplier selection problems involving comprehensive criteria. 

On the other hand, in the process of green supplier evaluation, decision makers may have difficulty 
in evaluating candidate companies with specific numerical values due to the uncertainty of input 
data, and in particular, the vagueness of human thinking. As is stressed by many researchers [14,15], 
it is natural for decision makers to determine their judgments based on linguistic expressions, i.e., 
inexact and unquantifiable information, in real-life green supplier selection problems. Computing with 
words is the key to transforming linguistic variables into quantitative values, and the current methods 
of dealing with linguistic information can be mainly classified into three types, i.e., the linguistic 
computational model based on membership functions [16], the linguistic symbolic model based on 
ordinal scales [17] and the 2-tuple linguistic model [18]. However, as indicated by Wang et al. [19], 
the linguistic symbolic model and the 2-tuple linguistic model cannot produce a clearer description 
of either fuzziness or randomness of qualitative information. The linguistic computational model 
can describe fuzziness but not randomness. However, the cloud model [20] not only describes the 
fuzziness and randomness of linguistic terms but also makes the transformation between quantitative 
values and qualitative concepts much easier and interchangeable. In this way, the cloud model is of 
great value in solving the linguistic green supplier evaluation problems. 

Based on the discussions above, this article is aimed at proposing an integrated decision support 
framework based on cloud model theory and the QUALIFLEX method for the evaluation of qualified 
green suppliers within a linguistic environment. The main contributions of this study are summarized 
as follows: First, the cloud model is introduced for the purpose of handling the fuzziness and 
randomness of linguistic expressions provided by decision makers. Second, we create an optimization 
model to obtain the criteria weights that are supposed to be totally unknown or incompletely known. 
Third, an extended QUALIFLEX algorithm is developed to prioritize the performance of different 
alternative suppliers and recommend the optimal one(s) for cooperation. In addition, the feasibility 
and effectiveness of the proposed green supplier selection approach are indicated by a case example 
concerning an automobile manufacturing company. The remaining part of this article is structured 
as below: Section 2 reviews the related literature of green supplier selection, the cloud model theory 
and the QUALIFLEX method. Section 3 introduces some basic concepts related to cloud model theory. 
In Section 4, we propose the green supplier selection approach using the cloud model and QUALIFLEX 
method. In Section 5, an illustrative example is presented to demonstrate the developed approach, and 
the solution results are compared with those derived by other existing methods. Finally, in Section 6, 
the conclusions and directions for future work complete the paper. 


2. Related Literature 


2.1. Green Supplier Selection Methods 


To seek solutions for complex green supplier selection problems, an abundance of decision-making 
tools, especially those based on MCDM models, has been developed in the literature. For example, 
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Uygun and Dede [15] proposed a comprehensive MCDM model using fuzzy decision-making trial 
and evaluation laboratory (DEMATEL), fuzzy analytical network process (ANP) and fuzzy technique 
for order preference based on similarity to ideal solution (TOPSIS) methods for assessing companies’ 
green supply chain management performance. Wang et al. [21] proposed an integrated MCDM 
method by combining fuzzy AHP with fuzzy TOPSIS for selecting green suppliers in line with the 
economic and environmental criteria. Banaeian et al. [8] applied three fuzzy MCDM approaches, 
iLe., fuzzy TOPSIS, fuzzy VIKOR (VlseKriterijuska Optimizacija I Komoromisno Resenje) and fuzzy 
grey relational analysis (GRA), for green supplier evaluation and selection in the agri-food industry. 
Tsui et al. [22] used a hybrid MCDM method with DEMATEL-based ANP (DANP) and PROMETHEE 
to appraise and improve the performance of green suppliers in the thin film transistor liquid crystal 
display industry. Liou et al. [23] suggested a hybrid MCDM approach on the basis of DANP and 
modified COPRAS-G (COmplex PRoportional ASsessment of alternatives with Grey relations) for 
ranking and improving suppliers in green supply chain management. Kannan et al. [14] reported a 
fuzzy axiomatic design-based methodology for green supplier selection and utilized it for a Singapore 
plastic manufacturing company, and Kannan et al. [24] applied the fuzzy TOPSIS approach to an 
electronics company in Brazil for green supplier evaluation in accordance with green supply chain 
management practices. Hashemi et al. [25] developed a combined MCDM approach using ANP and 
improved GRA to determine the optimal green supplier from economic and environmental aspects. 
Yazdani et al. [26] proposed an integrated green supplier selection framework in which DEMATEL was 
used to addresses the inter-relationships between customer requirements; quality function deployment 
was adopted to identify the relationship degree between criteria and customer requirements, and 
COPRAS was applied to prioritize and rank the alternative suppliers. Bakeshlou et al. [27] addressed 
the green supplier selection problem using a hybrid multi objective decision making algorithm in 
which fuzzy DEMATEL was used to understand the interrelationships among criteria; fuzzy ANP 
provided the criteria weights considering their dependencies. In addition, a systematic literature 
review on the MCDM-based green supplier evaluation and selection approaches can be found in [5]. 


2.2. Applications of QUALIFLEX Method 


Over the past decades, researchers have extended the QUALIFLEX method to model and manage 
MCDM problems within different decision-making environments. For instance, Zhang [28] proposed 
a Pythagorean fuzzy QUALIFLEX model based on the closeness index-based method for hierarchical 
multiple criteria decision making in the Pythagorean fuzzy and interval-valued Pythagorean fuzzy 
contexts. Zhang [29] proposed two interval-valued hesitant fuzzy QUALIFLEX approaches using a 
likelihood-based comparison method to solve MCDM problems under the interval-valued hesitant fuzzy 
environment. Xue et al. [30] elaborated on a combined linguistic MCDM model integrating hesitant 
2-tuple linguistic term sets and the QUALIFLEX method in order to deal with robot selection problems 
with incomplete information of criteria weights. Tian et al. [31] proposed a simplified neutrosophic 
linguistic QUALIFLEX approach for green product design selection considering risk attitudes of decision 
makers, and Tian et al. [32] proposed an extended QUALIFLEX approach with a likelihood-based 
comparison method to handle MCDM problems in the context of hesitant fuzzy linguistic information. 
Peng et al. [33] presented two cross entropy measures for probability multi-valued neutrosophic numbers 
and proposed a probability multi-valued neutrosophic QUALIFLEX method to address MCDM problems. 
Wang et al. [34] developed a likelihood-based QUALIFLEX model to deal with decision-making problems 
under the context of interval type-2 trapezoidal fuzzy sets. Chen [35] suggested an interval-valued 
intuitionistic fuzzy QUALIFLEX approach using likelihood-based comparison method to resolve MCDM 
issues. In addition, other meaningful extensions of the QUALIFLEX technique in previous studies include 
the interval-valued intuitionistic fuzzy QUALIFLEX [36], the interval type-2 fuzzy QUALIFLEX [37], 
and the hesitant trapezoidal fuzzy QUALIFLEX [38]. 
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2.3. Applications of Cloud Model Theory 


In recent years, the cloud model theory has attracted increasing attention and has been successfully 
applied in many fields. For example, Zhang et al. [39] developed a hybrid information fusion approach 
that integrates the cloud model, Dempster-Shafer evidence theory and Monte Carlo simulation for 
perceiving safety risk of buildings adjacent to tunneling excavations. Wu et al. [40] proposed a cloud 
model-based decision framework for low-speed wind farm site selection within a pure 2-tuple linguistic 
environment. Wang and Wang [41] reported an evolving Takagi-Sugeno approach based on aggregated 
trapezium clouds that could be used for anomaly detection in large datasets. Shi et al. [42] established an 
integrated decision-making model using the cloud model and MABAC method for assessing healthcare 
waste treatment technologies from a multiple stakeholder perspective. Based on the cloud model 
and combined weighting method, Cao et al. [43] developed an assessment model for the analysis of 
debris-flow hazard. In Zhang et al. [44], a trust evaluation method based on the cloud model is proposed 
to detect malicious nodes and ensure security in clustered wireless sensor networks. Li et al. [45] applied 
fuzzy AHP and the cloud model for energy utilization evaluation of carbon performance in public 
projects, and Zhao and Li [46] used the cloud model and fuzzy comprehensive evaluation method to 
evaluate the risk of ultra-high voltage projects. Furthermore, an uncertain linguistic group MCDM 
method and an interval-valued intuitionistic linguistic decision making method were proposed by 
Wang et al. [47] and Wang et al. [48], respectively, based on cloud model theory. 


3. Preliminaries 


3.1. Cloud Model Theory 


The cloud model is a new cognition model defined by Li [20] to represent the uncertainty 
(fuzziness and randomness) of qualitative concepts. In this part, some basic concepts and operations 
related to cloud model theory are introduced. 


Definition 1. Supposing a qualitative concept T defined on a universe of discourse U, let x, x € U be a random 
realization of the concept T and r(x) € [0,1] be the membership degree of x belonging to T, which corresponds 
toa random number with a stable tendency. Then the distribution of x in the universe U is called a cloud and 
every x is called a cloud drop [20]. 


Definition 2. The characteristics of a cloud y are depicted by three parameters: expectation Ex, entropy 
En and hyper entropy He. Here, Ex is the center value of the qualitative concept domain, En measures the 
randomness and fuzziness of the qualitative concept, and He reflects the dispersion degree of the cloud drops and 
the uncertainty of the membership function. Generally, a cloud can be denoted by y = (Ex, En, He) [20]. 


Definition 3. Consider any two normal clouds y, = (Ex,, Eny, He,) and yz = (Exo, Enz, Heg) in the domain 
U, the basic operations of normal clouds are defined as follows [19]: 


(L) Hy +H = (Exy + Exp, \/En? + En}, \/He + He3), 


(2) 1 x Y2 = (ExEx, (EmEx)? + (EnzEx,),  (HerEx2)’ + (HeEx)*)), 
(3) Aj= (AE, VAEn, VAHe1),A >0, 
(4) f= (Ex, VMEx1)* Ent, VA(Ex1)*"'He1), A > 0. 
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Definition 4. Let ¥; = (Ex;, En,, He;)(i = 1,2,...,n) be n normal clouds in the universe of discourse U, and 
W = (W1,W,..., Wy)? be their associated weights with w; € [0,1] and \-?_, w; = 1, then the cloud weighted 
averaging (CWA) is defined as [19]: 


n 
CWA 2 (41,92, 1 Yn) = py Wii => pe w;(Ex;, Enj, He;) 


i=1 i=1 
n nN n (1) 
=| 35 Eres) agen a) whe |. 
i=l i=l i=1 


Definition 5. Let ¥; = (Ex1,En,, He) and 2 = (Ex2, Enz, He2) be two arbitrary normal clouds in the 
domain U, then the distance between them is computed by [47]: 


di, ¥2) = | (1 eee ) Ex, (1 en ) Esa. (2) 


Definition 6. Let y = (Ex, En, He) be a normal cloud in the domain U, then the signed distance of y from the 


origin 0 is determined by 
~~ En + He 
d(7,0) = (1 _{ = Es, (3) 


Note that the signed distances from normal clouds to 0 are real numbers, which satisfy the law 
of trichotomy. 


Definition 7. Let 7, = (Ex1, En, He,) and 2 = (Ex2, Enz, Hez) be two normal clouds in the domain U. 
Then the signed distance-based comparison of normal clouds is defined as follows: 


(1) If d(¥1,0) > d(¥2,0), then ¥, is better than 2, i.e., Y > 2; 

(2) If d(j1,0) < d(¥2,0), then Yj, is worse than Y, 1.€., Y1 < Y2; 

(3) fd (71,0) =d (¥2,0), then 9; is indifferent to Yo, i.e., J; = J. 

Definition 8. Let y; = (Ex;, En;, He;)(i = 1,2,...,n) be a set of normal clouds in the universe of discourse U, 


and w = (W1,W2,...,Wn) be an associated weight vector satisfying w; € [0,1] and ye cv; = 1, then the cloud 
ordered weighted averaging (COWA) is computed by [19]: 


COWA w(t, Far Fn) = Ye @iFo 


n n n (4) 
= ! ; -En2 -He2 
7 WjEXo (jy / Eero i & oH) 


where Yo(j) = (Exoq, Ente(jy, Hee(j)) is the jth largest element of y;(i = 1,2,...,n). 


3.2. Laplace Distribution-Based Method 


Defining the aggregation weight vector w is one key issue in the theory of the ordered weighted 
averaging (OWA) operator [49]. Recently, Mohammed et al. [50] developed a new method based on 
the Laplace distribution to calculate the OWA weight vector. This method has the ability to reduce the 
effect of “false” or “biased” opinions on the decision-making results by assigning higher weights to 
the median elements of the ordered arguments and lower weights to the tail elements. 
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Definition 9. According to the argument-dependent method based on Laplace distribution, the associated 
weighting vector of the OWA operator is obtained by [50]: 


al a) _ li=rn| 


e n A 
nN e An ; 
wi = a = pf = 2 Ns; (5) 
7 1 \i-yn| n li-un| 
j=10,° ™ jae ™ 
=1 DA, = 


where n is the number of aggregated arguments, Uy is the mean of the number of the argument, and Ay is the 
scale of the Laplace distribution. The parameter fn is calculated by 


_in(ltn)  14+n 


Hn n 2 2 y (6) 


and the Laplace distribution standard deviation oy is defined as 


(7) 


4. The Proposed Green Supplier Selection Methodology 


Green supply chain management has become a challenging issue for companies to maintain their 
competitive positions due to the increased public concern of environmental issues and stricter governmental 
regulations. In this section, we introduce a novel decision support framework by combining the cloud 
model and QUALIFLEX method for addressing the green supplier selection problem with unknown or 
incomplete weight information. In a nutshell, the proposed methodology to select the optimum green 
supplier is comprised of three phases: assessing the performance of green suppliers based on normal 
clouds, acquiring the weights of evaluation criteria by a linear programming model, and determining 
the ranking orders of alternatives with the QUALIFLEX method. The procedure of the proposed green 
supplier selection approach is depicted in Figure 1, and the detailed explanations are presented as below. 


Phase 1 Assess the performance of green suppliers 


Step 1: Obtain the normal cloud decision matrix 
' Step 2: Construct the group normal cloud decision! 
: matrix 1 


Phase 2 Compute the weights of evaluation criteria 


4 


| Step 3: Determine the positive ideal and the negative 
ideal solutions 

Step 4: Calculate the weighted closeness coefficient 
of each alternative 

Step 5: Determine the optimal weights of criteria 


Step 6: Set up all possible permutations of 
; alternatives 
| Step 7: Compute the concordance/discordance index ! 
| Step 8: Calculate the weighted concordance/ : 
discordance index ; 
' Step 9: Acquire the final ranking of alternative 
: suppliers 


Figure 1. Flowchart of the proposed green supplier selection approach. 
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4.1. Assess the Performance of Green Suppliers 


Assume a green supplier selection problem with m feasible alternatives (Aj,i = 1,2,...,m), which 
are assessed by a committee of | decision makers (DM;, k = 1,2,...,1) on the basis of n evaluation criteria 
(Cy 1=1,2, sep Let DK = [at . be the linguistic decision matrix, where di. is the suitability 
assessment of alternative A; versus criterion C; provided by the decision maker DMg,. Next, the cloud 
model theory is used to model the linguistic evaluations on alternatives given by the decision makers. 
Step 1: Obtain the normal cloud decision matrix X* 

As discussed before, the cloud model theory is very practical for depicting the fuzziness 
and randomness of decision-making problems. Accordingly, the proposed green supplier selection 
approach utilizes the linguistic terms represented by normal clouds to assess the performance of 
alternative suppliers regarding various selection criteria. For instance, these linguistic terms can be 
represented by the normal clouds shown in Table 1. 


Table 1. Linguistic ratings for alternative suppliers. 


Linguistic Terms Normal Clouds 
Very Poor (VP) (1, 0.45, 0.05) 
Poor (P) (2, 0.45, 0.05) 
Medium Poor (MP) (3, 0.45, 0.05) 
Fair (F) (5, 0.45, 0.05) 
Medium Good (MG) (6, 0.45, 0.05) 
Good (G) (8, 0.45, 0.05) 
Very Good (VG) (9, 0.45, 0.05) 


Based on the linguistic ratings of each decision maker, the first step is to transform them into 
normal clouds as per the linguistic scale information to obtain the normal cloud decision matrix 


Xt = [xt] where #y = (Exy, Emy, Hey), i= 1,2, 83] =1,2,..0. 
Step 2: Establish the group normal cloud decision matrix x 

Normally, there may exist “false” or “biased” judgements in the green supplier selection practice; 
that is to say, some decision makers may give excessively high or excessively low ratings to their 
preferred or repugnant suppliers. To deal with such cases, the COWA operator is adopted to combine 
the decision makers’ performance assessments into representative group assessments. 


By applying the COWA operator, the aggregation of individual cloud matrices 


xk = [xk | (k = 1,2,...,1) is performed to construct the group normal cloud decision 
mxn 
matrix X = t lieses iLe., 


= (8) 
_ o(h) o(h)\2 | o(h)\2 
= (Ese fz, wi( Enj ) Ae Wj (Hef ) F 
(hy) (h) (h) (A)\ ; — k 
where Xi — (a /En;, He; ) is the hth largest element of k= (agen He\,) 


(6 =1)2,u51): 


4.2. Compute the Weights of Evaluation Criteria 


It is common that in the green supplier selection problems, the information concerning criteria 
weights may be completely unknown or partially known. Thus, it is very interesting and important to 
focus on this issue. The TOPSIS proposed by Hwang and Yoon [51] is a classical MCDM technique, 
which selects the most suitable alternative with the shortest distance from the positive-ideal solution 
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and the farthest distance from the negative-ideal solution. The aim of this stage is to build an 
optimization model following the idea of the TOPSIS method for obtaining the criteria weights 
objectively. Suppose w = (w4, W2,..., Wn)? is the weight vector of the criteria C; (j = 1,2,...,n), which is 
unknown a priori. In the following section, the detail processes of determining criteria weights 
are presented. 
Step 3: Define the positive-ideal and the negative-ideal solutions 

Within the cloud environment, the positive-ideal and the negative-ideal solutions, denoted as A* 
and A, can be respectively denoted by 


maxx; for benefit criteria 
1 


BO oa ar 0) 
J Jixn minx;jfor cost criteria 
1 
minx;;for benefit criteria 
Se Se - 10 
J Iixn maxx;jfor cost criteria -_ 
1 


Step 4: Determine the weighted closeness coefficients of alternatives 
By using Equation (11), the closeness coefficient of each alternative against the criteria is computed 


as follows: } 
7 d(%j,%; 
— (Ft) + d(H, z, ) 


where d a x) (a (33, =) ) is the distance of A; from A*(A7) concerning the criterion Cj. 
Then the weighted closeness coefficient of alternatives A; is determined by 


i =1,2,...,m,j =1,2, 0.1, (11) 


= y a (iy z;) 


‘ 
=e d (ij . 4 d (Ri oe 


Step 5: Calculate the optimal weights of criteria 


n 
Li) De 612 eh (12) 
j=l 


J 


The weighted closeness coefficient D; represents the relative closeness of alternative A; to the ideal 
solution, that is, the larger the value of Dj, the better the alternative. Considering all the m alternatives 
as a whole, the following linear programming model can be created for obtaining the criteria weights 
when the weight information is completely unknown: 


m mn 
maxD(w) = Ye D; = ye w;Dij 
i=] i=1j=1 
M-1 = 13 
( ) eae (13) 
s.t. j=l 


By resolving the above model, the optimal solutions are normalized to obtain the weights of 
criteria as 


Q= (14) 


Furthermore, there are still some cases where the information regarding criteria weights 
is identified partially. The obtained weight information normally consists of the following five 
structural forms [52,53], fori # j: (1) A weak ranking: H; = {w; > wi}; (2) A strict 


ranking: Hz = {w;—w; > B;}(Bj; > 0); (3) A ranking of differences: H3 = {wj—wj > w,—w} 
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(j Ak Al); (4) A ranking with multiples: Hy = {w; > B;w;}(0 <Bi< 1); (5) An interval form: 
Hs = {B; < w; < Bj +¢;} (0 < B; < 6; + ¢;). For the sake of convenience, H is assumed to be a set 
of recognized weight information and H = H; U H2 U H3 U Hy U Hs. For these situations, the single 
objective optimization model in Equation (15) can be established. 


m n 
maxD(w) = yy D; = yy wjDij 
i=l i=1j=1 
(M —2) w eH, (15) 
n 
SE) YS w= 1,0; > 0,j = 1,2, 090. 
j=l 


By executing model (M — 2) with Lingo software, the optimal criteria weights can be obtained as 
W = (W1,W2,., Wn)? . 


4.3. Determine the Ranking Orders of Alternatives 


Green supplier selection requires multi-dimensional techniques, and the QUALIFLEX method [10] 
is a pragmatic and reliable outranking MCDM technique to rank and select alternatives. Thus, in the 
third phrase of our proposed framework, we extend the classical QUALIFLEX approach to the cloud 
setting in order to determine the best suppliers. To sum up, the proposed cloud QUALIFLEX for the 
generation of ranking of green suppliers includes the following steps: 

Step 6: Set up all possible permutations of alternatives 

For the m alternatives A;(i = 1,2,...,m), m! permutations of the ranking orders of alternatives 

exist. Assume that the pth permutation denoted by P, is defined as: 


P 


= alee = ea (16) 


where Ag and Az, ¢,¢ = 1,2,...,m, are the suppliers under consideration, and Ag is ranked larger than 
or equal to Az. 
Step 7: Acquire the concordance/discordance index 

We use the following formula to compute the concordance/ discordance index $i (Az, Az) in the 
pth permutation against the criterion C; for each pair of alternatives (Az, Az). 


GF (Ag, Ac) = d(Fj,0) —d(Fj0),f = 12,00. (17) 


According to the comparison method of normal clouds introduced in Definition 7, $F (Ag, Az) >0, 
$F (Ag, Az) <0, and $F (Ag, Az) = 0 represent concordance, discordance and ex aequo, respectively. 
Step 8: Determine the weighted concordance/discordance index 

Using the weight vector of criteria w = (w 1, W2,...,Wn) - acquired in the second stage, the weighted 
concordance /discordance index ~?(Az,Az) is determined by Equation (18) for the alternatives 
(Az, Az) regarding permutation Pp. 


gp? (Az, Az) = YF (Ag, Ac) uj. (18) 
j=l 


Step 9: Acquire the best ranking of alternative suppliers 
For each permutation P,, we obtain the comprehensive concordance/discordance index ¢? 
through Equation (19). 
n 
gre= Yi Vig? (Ag, Az) uj. (19) 


@C=1,2,...,m j=1 
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A higher comprehensive concordance/ discordance index value indicates that the ranking order 
of the alternatives is better. Hence, the optimum ranking of the considered suppliers can be identified 
via the comparison of the comprehensive concordance index values ¢° (9 = 1,2,...,m!). That is, 


the permutation with the highest $° value, ie. P* = max LPP} should be the final ranking 
p=1,2,...,m! 


of the alternatives. 


5. Illustrative Example 


Taking the green supplier selection for an auto manufacturing company as an example, the 
applicability and efficacy of the proposed green supplier evaluation model are demonstrated in 
this section. 


5.1. Background Description 


In this study, we consider an auto manufacturing company in Shanghai, China since the green 
initiatives are expected to be implemented within its operations. To comply with environmental 
regulations and adapt to social concerns, top management of this company decided to adjust its 
business strategy and become a company devoted to the public health and environment by committing 
itself to social responsibility. Currently, determination of the qualified green supplier for the automotive 
component, instrument panel, for improving the company’s supply chain environmental performance 
is needed. An expert panel including five direct managers (denoted as DM1, DM2, ... , DM5) was 
established to rate three alternative companies, A1, A2 and A3. 

Generally, various quantitative and qualitative evaluation criteria must be considered to determine 
the best green supplier. According to the literature surveys [5,6] and decision makers’ opinions, green 
design, green purchasing, green production, green logistics and green recycling are determined 
as evaluation dimensions for the green supplier selection. Further, several related criteria of each 
dimension are identified for evaluating the alternative suppliers in more detail (see Figure 2). Then, 
the five decision makers are asked to rate each supplier with regard to the above criteria using the 
linguistic assessment terms shown in Table 1. The completed assessment matrices provided by the 
expert group are presented in Table 2. 


Green supplier selection 


D2: Green D3: Green D4: Green 
purchasing production logistics 


C7: Green 
manufacturing 
C8: Green 
packaging 


DS: Green 
recycling 


D1: Green Design 


o- 
Organization of 
logistics 
networks 


C4: Supplier- 
Cl: Regulations customer 
collaboration 


C12: Reducing 
activities 


C2: 
Environmental 
performance 


C3: 
Enforcement of 
stakeholders 


C10: Quality of 


C13: 
service i 


Remanufacturing 
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Figure 2. Dimensions and related criteria for green supplier selection. 
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Table 2. Linguistic assessments of alternatives provided by the expert group. 
re Alternatives ene 

CG Go Cy Cy Cy Ce Cy Cg Co Coo Cr Crz Cex Cra Gs 
A G MP VG _ VP Pp G F P MG G G F VG P G 
DM, Ag F P VG P VP VG VG P P G F G F VP F 
A3 P MG G F F G F P G F MP MG MG F G 

A G MP G P P VG MG P F VG F MG VG MP VG 
DM) Ao MP MP MG VP MP G G P VP G MG G F P F 
A3 F G G VP MG VG VG F F VG MP F F F P 

A G F G VP VP VG F MP F G P F VG P VG 

DM; Ao MP P MG iP F VG VG _ VP P VG F MG F MP MP 
A3 MP MG VG MP G G VG MP G P F F MP MG F 

A G MP VG VP VP G F MP G G F MG G MP VG 
DM4 Ag F P MG P VP VG G VP VP VG MG G F VP F 
A3 F G MG F F G VG MP G G P MG F P F 

A VG MP G RP P G MP MG VG MG MG F G VP VG 
DMs Ao F P F VP VP VG VG P P G G F F VP Pp 
A3 P MG G P MG VG G MG G F F MP MP G F 


5.2. Application and Results 


The green supplier selection problem is solved by applying the proposed model and the 
implementation procedure is described as follows. 
Step 1: Obtain the normal cloud decision matrix of each decision maker 

The linguistic ratings of the five decision makers can be transformed into normal clouds easily 


based on Table 1 to construct the normal cloud decision matrixes X* = [xf] ee (k =1,2,...,5). 
x 
Step 2: Establish the group normal cloud decision matrix X 
The produced normal cloud decision matrixes X*(k = 1,2,...,5) are aggregated by using the 
COWA operator to establish the group cloud decision matrix X = [¥;j| 3x15° Lhe results obtained 
are presented in Table 3. Note that the weighting vector of the COWA operator is determined 


asw = (0.068, 0.183, 0.498, 0.183, 0.068) with the Laplace distribution-based method. 


Table 3. The group cloud decision matrix X. 


Ci Co Cs C4 Cs 
Ay (8.07, 0.45,0.05) (3.14, 0.45,0.05) (8.25, 0.45, 0.05)  (1.25,0.45,0.05) (1.75, 0.45, 0.05) 
A, (4.50, 0.45, 0.05) (2.07, 0.45, 0.05) (6.14, 0.45, 0.05) (1.75, 0.45, 0.05) (1.64, 0.45, 0.05) 
A3 (3.25, 0.45, 0.05) (6.50, 0.45,0.05) (7.93, 0.45, 0.05) (3.18, 0.45,0.05) (5.89, 0.45, 0.05) 
At (8.07, 0.45, 0.05) (6.50, 0.45,0.05)  (8.25,0.45,0.05)  (3.18,0.45,0.05) (5.89, 0.45, 0.05) 
A~ (3.25, 0.45,0.05) (2.07, 0.45,0.05)  (6.14,0.45,0.05)  (1.25,0.45,0.05) (1.64, 0.45, 0.05) 
Co Cy Cg Co Cio 
Ay (8.25, 0.45, 0.05) (4.93, 0.45,0.05)  (2.95,0.45,0.05)  (6.32,0.45,0.05) (7.93, 0.45, 0.05) 
Ao (8.93, 0.45, 0.05) (8.75, 0.45,0.05) (1.75, 0.45, 0.05) (1.75, 0.45, 0.05) (8.25, 0.45, 0.05) 
A3 (8.25, 0.45, 0.05) (8.55, 0.45,0.05) (3.50, 0.45, 0.05) (7.80, 0.45, 0.05) (5.62, 0.45, 0.05) 
At (8.93, 0.45, 0.05) (8.75, 0.45, 0.05) (3.50, 0.45, 0.05) (7.80, 0.45, 0.05) (8.25, 0.45, 0.05) 
AT (8.25, 0.45, 0.05) (4.93, 0.45,0.05)  (1.75,0.45,0.05) (1.75, 0.45,0.05) (5.62, 0.45, 0.05) 
Cu Ci2 Ci3 Ci4 Cis 
Ay (5.18, 0.45, 0.05) (5.25, 0.45,0.05)  (8.75,0.45,0.05) (2.18, 0.45,0.05) (8.93, 0.45, 0.05) 
Ad (5.89, 0.45, 0.05) (7.43, 0.45,0.05) (5.00, 0.45, 0.05)  (1.32,0.45,0.05) (4.43, 0.45, 0.05) 
A3 (3.43, 0.45, 0.05) (5.12, 0.45,0.05) (4.57, 0.45, 0.05) (5.18, 0.45,0.05) (5.00, 0.45, 0.05) 
At (5.89, 0.45, 0.05) (7.43, 0.45,0.05) (8.75, 0.45, 0.05) (5.18, 0.45,0.05) (8.93, 0.45, 0.05) 
A- (3.43, 0.45, 0.05) (5.12, 0.45, 0.05) (4.57, 0.45, 0.05) (1.32, 0.45, 0.05) (4.43, 0.45, 0.05) 
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Step 3: Define the positive-ideal and the negative-ideal solutions 

Using Equations (9) and (10), the positive-ideal and the negative-ideal solutions A* and A~ can 
be derived as listed in the last two rows of Table 3. 
Step 4: Determine the weighted closeness coefficients of alternatives 

The weighted closeness coefficient is calculated via Equations (11) and (12) for each alternative, 
and the results are as follows: 


Dy, = wy, +0.241w2 + w3 + 0.026w,4 + 0.687wg + 0.7569 + 0.879W 49 
+0.714w 11 + 0.059w 1. + W13 + 0.224W 14 + Wj5, 

Dz = 0.259w, + 0.258w4 + We + W7 + Wig + Wy + Wy + 0.104W13, 

D3 = W2+0.849w3 + wg + w5 + 0.94707 + Wg + Wo + W14 + 0.127045. 


Step 5: Calculate the optimal weights of criteria 
The weights of the fifteen criteria are acquired by Equation (14) as 


w = (0.06, 0.059, 0.088, 0.06, 0.049, 0.047, 0.092, 0.08,0.083, 0.089, 0.081, 0.05, 0.052, 0.058, 0.053)". 


Step 6: Set up all possible permutations of alternatives 
There are 6 (=3!) permutations of the rankings for the three potential green suppliers, i.e., 


P, = (Ay, Ao, A3), Po = (Ai, A3, Az), P3 = (Az, At, Aa), 


P4 = (Ag, A3, Ax), Ps = (A3, A1, Az), Pe = (Az, Az, Ar). 


Step 7: Acquire the concordance/discordance index 

By using Equation (17), we can compute the concordance/ discordance index gi (Az, Ac) for each 
pair of suppliers (Ag, Az) in the pth permutation concerning every criterion C. For instance, the 
calculation results for the permutation P; are presented in Table 4. 


Table 4. The results of the concordance/discordance index for P}. 


Py ; (A1, Az) $; (A1, As) ; (Az, As) 
Cy 3.570 4.817 1.247 
Co 1.068 —3.366 —4.434 
C3 2.115 0.319 —1.796 
C4 —0.498 —1.932 —1.434 
Cs 0.111 —4.136 —4.247 
Ce —0.681 0.000 0.681 
C7 —3.817 —3.613 0.204 
Cg 1.204 —0.549 —1.753 
Co 4.570 —1.477 —6.047 
Cio —0.319 2.315 2.634 
Gc, —0.702 1.749 2.451 
cn ~2.179 0.136 2.315 
Ci3 3.749 4.183 0.434 
Cy 0.864 —3.000 —3.864 
Ci5 4.502 3.932 —0.570 


Step 8: Determine the weighted concordance/discordance index 

The weighted concordance /discordance index #° (Az, Az) is acquired by employing Equation (18) 
for each pair of alternatives (Ag, Az) (¢,¢ =1,2,3) and Table 5 shows the computational results. 
Step 9: Acquire the best ranking of alternative suppliers 
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Finally, the comprehensive concordance/ discordance indexes $f (o = 1,2,...,6) are determined 
by utilizing Equation (19) as follows: 


1 — _0.178, 6* = 1.640, 6? = —1.818, 64 = —1.640, 6 = 1.818, 6° = 0.178. 
p p p p p p 


Based on the comprehensive concordance/discordance indexes #?(p = 1,2,...,6), it is clear 
that P* = max es = ¢°. Thereby, the optimal ranking of the three alternative companies is 
p=1,2,..., 


A3 > A; > Ag, and the most appropriate green supplier is supplier A3 for the vehicle manufacturer. 
Table 5. The results of the weighted concordance/discordance indexes. 


Py Po P3 
(Ay, Az) 0.820 ¢?(Ai,A3)  —0.089 (Ao,A;) — —0.820 
@'(Ay,A3)  —0.089 (Ay, Az) 0.820 g?(Az,A3)  —0.909 
@'(Az,A3)  —0.909 (Az, Ar) 0.909 g°(A1,A3)  —0.089 

Py Ps Ps 
f*(Az,A3)  -0.909 @ °(A3, Az) 0.909 
p*(Az,A1) —--0.820 ~~ f° (Az, Az) 0.909 p°(A3,A1) 0.089 
* (Az, Ay) 0.089 p p°(Az,A,)  —0.820 


5.3. Discussion under Incomplete Weight Information 


The following is the situation where the weight information for the assessment criteria is 
incompletely known and the given weight information is as follows: 


wy < 0.04, wo < wy1,w3 < 0.03,0.1 < wa < 0.13, w5 > 0.7wW4, We > 0.05, 
H= 0.1 < wy <0.17,0.06 < we < 0.11, w4 — wo > 0.02,0.06 < we < 0.10, 
W190 = W 1, 0.008 < Wy < 0.012, W413 < 0.008, W413 = W414, W415 < W413 


Then, using Equations (9)—(12), the following linear programming model can be established: 


maxD(w) = 1.2589w, + 1.2409w2 + 1.8492w3 + 1.2578w,4 + 1.0261w5 + we + 1.9466w7 
+1.6868wg + 1.7557wo9 + 1.878949 + 1.7136w11 + 1.0587w 12 + 1.1038w 43 
+1.2236w14 + 1.126615 

weéeH, 


s.t. 


15 
A w= 1, Wj; > 0,7 =1,2,...,15. 


Based on the above model, the weight vector of the fifteen criteria is computed as 
w = (0.04, 0.04, 0.03, 0.013, 0.091, 0.05, 0.17, 0.11,0.11, 0.1, 0.1, 0.008, 0.008, 0.008, 0.005). 


Accordingly, the comprehensive concordance/discordance indexes ¢?(p = 1,2,...,6) are 
computed as ¢! = —1.921, ¢* = 0.173, ¢? = —2.094, 6+ = —0.173, p° = 2.094, p° = 1.921. Hence, the 
optimal priority order of the three alternative suppliers is A3 > A; > Ag, which is exactly the same as 
the ranking result earlier. This implies that the proposed decision support framework is also useful for 
the green supplier selection problems when the criteria weight information is incompletely known. 


5.4. Comparative Study 


Next, a comparative analysis is conduced to show the effectiveness of our proposed decision 
support approach with respect to other green supplier selection methods. We base the analysis on the 
same case example and choose the fuzzy VIKOR [1], the fuzzy TOPSIS [15], the improved GRA [25] to 
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facilitate the comparison analysis. The ranking results of the three alternatives determined by these 
methods are tabulated in Table 6. 


Table 6. Ranking results of different methods. 


Alternatives Fuzzy VIKOR FuzzyTOPSIS ImprovedGRA _ The Proposed Method 


Ay 2 2 3 2 
Ay Z 3 3 3 
As 1 1 1 1 


From the results of Table 6, it is easily seen that the most suitable green supplier for the considered 
application remains the same, i.e., A3, according to the proposed approach and the listed methods. 
Further, the ranking orders of the suppliers with the proposed approach are totally in agreement with 
the results acquired via the fuzzy TOPSIS and the improved GRA methods. This proves the validity 
of the proposed green supplier selection model. However, in comparison with the listed methods, 
the distinct advantages of the approach being proposed in this study are as below: (1) By using the 
cloud model theory, the proposed model effectively prevents the loss of information in the semantic 
transformation and also easily completes an interchangeable conversion between qualitative concepts 
and quantitative information; (2) The impact of “false” or “biased” assessments of decision makers on 
the decision result can be decreased by using the COWA operator in aggregating personal judgments 
into overall assessments; (3) Against the basic rule of the TOPSIS, the proposed model can be used to 
manage the green supplier selection problems where the weight information of criteria is completely 
unknown or partly identified; (4) With the aid of the extended QUALIFLEX algorithm, an accurate and 
credible ranking of available suppliers can be obtained. In particular, the proposed method is suitable 
for green supplier selection problems having a large number of criteria but limited alternatives. 


6. Conclusions 


In this study, we present a practical integrated MCDM framework based on the cloud model 
and QUALIFLEX method to assess and select the most appropriate green supplier considering 
both economic and environmental criteria. The cloud model is used for representing the linguistic 
assessments of decision makers with respect to alternative companies and an extension of the classical 
QUALIFLEX is applied to generate green supplier rankings. In addition, for the situations where the 
information of criteria weight is unknown or partly known previously, the proposed approach can 
derive the criteria weights by using a TOPSIS-based optimization model. The proposed green supplier 
selection method is validated with a real-life case company of the automobile manufacturing industry 
setup. The results show that our proposed framework is more expressive in capturing uncertainty and 
vagueness of decision makers’ judgements and is very useful to yield the best green supplier in green 
supplier management. 

Even with the advantages of our proposed approach, there are some limitations and room 
for further research. First, interactions of criteria are not considered in the proposed green supplier 
selection approach although, in some situations, various types of relationships may exist among criteria. 
In the future, the Choquet integral technique should be incorporated into the proposed model to 
analyze the inter-dependent effects between evaluation criteria. Second, the proposed method assumes 
that decision makers provide deterministic linguistic measurements on the alternative suppliers. 
In the real world, however, decision makers may use random variables to express their assessments 
owing to time limitations and the increasing complexity of green supplier selection problems. Thus, it 
is a promising direction to apply stochastic MCDM methods [54,55] for green supplier selection. 
In addition, considerable computations are involved in the proposed decision-making algorithm. 
Therefore, in future research, software can be developed so that manufacturers and service providers 
can apply the proposed approach conveniently to determine the most suitable one for cooperation. 
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